Abstract: A series of the thermal conductive polyamide-6 (PA6) composites filled with boron nitride (BN) were prepared by two methods, including melting method (MM) and solution method (SM). The thermal conductivity, morphology, crystallization behavior, thermal stability, and rheological properties of PA6 composites were investigated. The results showed that the thermal conductivity of two methods increased with increase in the filler content, the thermal conductivity of PA6/BN composites containing 40 wt% BN prepared by melting method was up to 1.02 W·m at the same filler content.
Introduction
With the development of electronic packaging technology, the electronic devices tend to bear ultra-thin, lightweight and multifunctional properties. Large amounts of heat generated or accumulated in the electronic devices should be dissipated quickly in order to prolong the service life of electronic products. [1] [2] [3] Generally, common polymers have relatively low thermal conductivity (typically only 0.2 W·m
), 4 which are not suitable for thermal materials application. The incorporation of highly thermal conductive fillers into polymers to develop high-performance thermal-conductive composites had been mostly desired so far. 5 The composites based on crystalline polymers (e.g., polypropylene, 6 polyamide-6, 7, 8 ) provided enhanced thermal conductivity as compared to those based on amorphous polymers. And the thermal conductivities of composites were highly enhanced by using various thermal conductive fillers, such as, graphites, graphene, carbon nanotubes (CNTs), carbon fibers (CFs) and boron nitride (BN). 9 Many articles have been published on improving the thermal conductivity of polymer composites. 10, 11 Besides, the direction of different preparation methods were also extensively investigated. Various approaches had been taken for the formation of the polymer composites: in situ polymerization, solution blending, powder blending, roller mixing and melt mixing, according to the different states of the process. 12 The different preparation methods would affect the dispersion, distribution, orientation and length to diameter ratio of the filler in the matrix, 13 and then influence the thermal conductivity of the composites. For example, Agari et al.
14 prepared PE/graphite composites by four methods, and the thermal conductivity became higher in the following order: melt mixture < rollmilled mixture ≈ solution mixture < powder mixture. A majority of current researches have proved that the solution mixing effectively improved the dispersion of the filler in the polymer matrix, reduced aggregation which further improved the thermal conductivity.
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Polymer(Korea), Vol. 42, No. 2, 2018 As a widely used engineering plastic, PA6 offered good thermal stability, chemical resistance and excellent mechanical properties. 18 And the conductive filler of hexagonal BN (h-BN) was a lamellar material with a graphite-like structure in which planar networks of BN hexagons were regularly stacked. 19, 20 It has the highest thermal conductivity among ceramic materials and also an electronic insulator. In addition, bulky hexagonal BN can be exfoliated into mono-and/or fewlayers of BNNSs in various solvents thus obtained high aspect ratio, [21] [22] [23] Therefore, BN-filled polymer composites, especially the lamellar BN, not only inherit the insulating properties of the polymer matrix but also impart polymer composites thermal conductivity in comparison to conventional fillers, such as, Al 2 O 3 , ZnO, AlN, and SiC.
24-26
Liu et al. 15 reported that the maximum value of thermal conductivity of carbon fiber/PA66 composites containing 40 wt% carbon fiber prepared by SM achieved 2.537 W·m
, which was superior to carbon fiber/PA66 composites prepared by EM at the same filler content. Hong et al. 27 demonstrated that aluminum nitride (AlN) and boron nitride (BN) were found to be the ideal heat dissipation materials for thermal packaging after he investigated the properties of AlN/BN epoxy composites. The aim of this paper was to investigate the preparation and thermally conductive, morphology and crystallization properties of polyamide composites based on BN filler. Two methods were used to prepare the PA6 composites which including melting method and solution method. The results will be discussed and provided theoretical bases for the preparation of composites with excellent thermal conductivity.
Experimental
Materials. In this work, a commercial grade of PA6 (Model: UBE-1013B, product of UBE, Tailand) was adopted with a melt flow rate (MFR) of 13. (1) Melting Method (MM): The PA6 resin, thermal conductive filler of h-BN and some antioxidants were proportionally mixed in a high-speed blender for 5 min and then processed in Haake torque rheometer (Thermo Hakke, Polylab OS, Germany) to prepare samples. Irganox 1010 and 168 were added as antioxidants into the mixture with a loading of 0.5 wt%. The rotational speed of torque was 60 r/min, the processing temperature and time were 230 In order to differentiate and define each sample clearly, the following designation rules were applied. For each preparation method, BN added in by different mass ratio of the whole (PA6/BN) system. M10, M20, M30, M40 were used to indicate the composites prepared by melting method contained BN of 10, 20, 30, 40 wt%, respectively. S10, S20, S30, S40 were used to indicate the composites prepared by solution method contained BN of 10, 20, 30, 40 wt%, respectively. And the original sample was represented by neat PA6.
Thermal Properties. The thermal conductivity of samples were carried out by a Transient Plane Source Method (TCi-3-A, Canada) in an air-conditioned room (25 o C). The samples were cured and prepared in cylindrical shape of 25 mm in diameter and 2.0 mm in thickness, depending on the actual thermal conductivity. All of the thermal measurements were performed three times and the averages were taken to calculate the thermal conductivity.
Scanning Electron Microscope. The morphology of the composites was evaluated by a field-emission scanning electron microscopy (SEM, S-4800, Hitachi, Tokyo, Japan). Samples were cryogenically fractured in liquid nitrogen and all of the fractured surfaces were coated with gold to enhance the image resolution and to prevent electrostatic charging.
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Differential Scanning Calorimetry (DSC). The melting and crystallization behaviors of PA6/BN composites were studied using a differential scanning calorimetry (DSC, Model: Q-1000, product of TA Instruments Inc.). During the measurement, each sample weighed ~5 mg was hermeticallysealed in the aluminum pans under nitrogen (N 2 ) atmosphere. At first, sample was heated from 30 Rheological Measurement. Viscoelastic behavior of the samples was analyzed in a dynamic rheometer (Bohlin Gemini 2000, Malvern Instruments Ltd., UK) in the melt state and the gap value was 1 mm. Tests were carried out within linear viscoelastic region for 260 o C in a frequency sweep range from 0.01 to 100 Hz. Furthermore, to ensure that the rheological properties were measured in linear viscoelastic region, the strain range was prior determined from strain sweeps. All the measurements were conducted in the strain range of 1%, and under nitrogen (N 2 ) atmosphere to avoid the oxidative degradation of samples.
X-ray Diffraction (XRD). X-ray diffraction was performed using a SmartLab Analytical X-ray (Model: SmartLab 9 kW, Rigaku Corporation, Japan) with area detector operating under 40 kV and 100 mA of CuKα radiation (λ=0.1542 nm). And the XRD patterns were recorded with a scan rate of 20 
Results and Discussion
Thermal Properties. The effects of filler addition and processing methods on thermal conductivity of PA6/BN composites showed in Figure 1 . The thermal conductivity of two methods were both increasing with the loading of BN, the thermal conductivity of composites prepared by melting method was up to 1.02 W·m . It was obviously seen that the thermal conductivity of composites prepared by SM was superior than MM, which was consistent with the results of T. Liu and Q. Mu. 15, 16 This is attributed to simple blending to form a large agglomerate of fillers during mixing resulting in their poor dispersion and further influence the conductive network of polymer composites. However, the solution mixing of each component in a co-solvent brings about a good molecular level of mixing overcoming the agglomeration tendency of the conductive fillers. It is applicable to the polymers which can be dissolved or swelled by the solvent. 28 In terms of single preparation method, the study of Lee showed that the thermal conductivity of the composites increased with the addition of conductive filler. while in low filling condition, the thermal conductivity increased slowly and the thermal conductivity of the composites increased obviously when the filling amount reached a certain value which revealed the formation of conductive network between matrix and filler. In this paper, the results of SM were consistent with the study of Lee.
29
Different preparation methods would affect the filler dispersion and compatibility, which finally lead to the microstructure difference. 30 In this study, the MM mixed PA6 and BN by using a Haake mixer at 230 o C and 60 rpm/min. The SM mixed PA6 and BN in solvent environment and the BN were pre-exfoliated in formic acid via ultrasonication before mixing with the PA6 matrix. As is well known, traditional processes, such as simple blending by a two-roll mill or internal mixer, are hardly sufficient to uniformly disperse BN particles and always lead to the severe aggregation of BN in the polymer matrix, thus resulting in low thermal conductivity.
26,28
Maxwell-Eucken model was used to evaluate the thermal conductivity of polymer composites which the thermal conductive fillers were homogeneous sphere with no interaction and dispersed randomly in the polymer matrix. 31 It could predict the thermal conductivity of polymer composites precisely at the low filler content. Mathematical expression of the Maxwell-Eucken model:
where λ 1 , λ 2 , and λ were the thermal conductivity of polymer matrix, filler, and polymer composites, respectively. Where ν was the volume fraction of filler particles. While at the high filler, it had a big difference between the theoretical prediction and the experimental data, which because the formation of conductive network between matrix and filler, when the filling amount reached a certain value. The Maxwell-Eucken model would not apply to evaluate the thermal conductivity of polymer composites. In this study, Maxwell-Eucken model was used to predict the thermal conductivity of PA6 composites. From Figure 1 , it was showed that the experimental data did not agree well with the Maxwell-Eucken model, and the experimental data were always higher than the predicted ones. Because the model assumed that the filler shape is sphere and confined to common dispersion state in the polymer matrix. However, the h-BN had lamellated structure and the special dispersion state of filler formed here obviously exceeded the predicted limits of the model, which finally led to an improvement on the thermal conductivity of PA6/BN composites.
Agari model introduced the parallel and vertical conduction mechanism, 14 this model is suitable for uniform distribution of layered fillers, on the basis of previous studies. It can be used to investigate the effect of dispersion state by introducing two factors C 1 and C 2 :
where C 1 is a factor relating to the structure of polymer, such as crystallinity of matrix, and C 2 is a factor relating to the measure of ease for the formation of conductive chains of filler. According to Agari model, the closer the C 2 values are to 1, the more easily conductive chains are formed in composites. After a calculation , the value of C 1 and C 2 were obtained as listed in Table 1 . It can be observed from Table 1 that the value of C 2 in PA6/ BN composites prepared by SM was very close to 1, which indicated it was more easily to form the conductive chains in composites than the composites prepared by MM.
The morphology of the cryo-fractured surface of the PA6 composites at a BN loading of 20 wt% which prepared by MM and SM were given in Figure 2 (a,b) and Figure 2(c,d) , respectively. The SEM observations mentioned above revealed the differences in the morphology and internal microstructure of the composites prepared by two methods from different structure levels. It can be concluded that BN exhibited relatively good dispersion into PA6 phase prepared by SM. This could be attributed to the fact that during solution mixing, the PA6 macromolecules can more sufficiently motion and galleries of BN through the solvation effect of formic acid dispersed more effectively. 28 Moreover, commercially acquired hexagonal bulky BN was sonicated vigorously in formic acid for both dispersion and exfoliation thus can expand the surface-to-volume ratio and reduce the aggregation of BN to homogeneous dispersions which finally enhance the thermal conductivity of polymer-BN composites. 12, 32, 33 On the contrary, the original BN particles was destroyed to brittle failure and a poor dispersion because of simple mechanical blending prepared by MM.
16
Crystallization and Melting Behavior (DSC). The crystalline structure of PA6 can be influenced by processing methods, thermal conditions, stress, moisture, and additives. 34 It was reported that PA6 has three kinds of crystalline forms which includes: α-form, β-form and γ-form. 35 However, it always exhibits two crystalline structures with melting points at 215 o C (γ-form) and 221 o C (α-form), 36 respectively. For the purpose of comparison, DSC cooling curves and heating curves for neat PA6 and its composites containing various BN contents prepared by MM were shown in Figure 3 (a) and Figure  3 (b), respectively. The detailed crystallization and melting parameters (T c,onset : onset crystallization temperature, T c : crystallization peak temperature, T m,onset : onset melting temperature, T m : melting peak temperature, and X c : crystallinity) were listed in Table 2 .
It can be seen that the addition of BN resulted in the increase of onset crystallization temperature (T c,onset ) and crystallization temperature (T c ) as compared with neat PA6. The increase in both onset and peak temperatures might be interpreted as an increase of the rate of the crystallization process, by time-temperature superposition principle. The T c,onset increased more rapidly than T c indicated greater effect on the initial process (i.e., onset of crystallization or ''nucleation'') than the process related to T c (i.e., the combined process of ''nucleation'' and ''growth'' occurring between T c,onset and T c ). This observed difference in the variation of T c,onset and T c with increasing content of the h-BN filler revealed a role of the filler on crystallization behavior such that the h-BN enhanced nucleation but slowed down growth rate. The slowing down of the growth rate might be attributed to restriction to molecular chain mobility of PA6 caused by the presence of h-BN filler.
37
It was easy to see that the X c of all the composites was lower than that of neat PA6, which indicated that BN filler decreased the crystallization of PA6 matrix. It can be concluded that high BN content would restrict or block the movement and rearrangement of PA6 macromolecular chains, leading to more imperfect crystals and lower crystallinity. The results were similar to the report by S. Şanlı, 38 who pointed out that the crystallinity of PA6 matrix decreased with the addition of inorganic fillers. As shown in Figure 3 o C, which were associated with the α-and γ-form crystals. It can be drawn that neat PA6 showed two common crystals (α-and γ-form crystals) during the secondary melting process, probably owing to the imperfect α-form crystal formed during cooling process of the first run.
The α-phase crystal was a thermodynamically more stable phase, which adopted a fully extended configuration with antiparallel chains linked by hydrogen bonds to adjacent chains. The γ-phase crystal of PA6 consisted of parallel adjacent chains with hydrogen bonds between them. 39 It is well known that γ-phase, which is less stable or metastable than α-phase, can be converted to the α-phase by annealing.
40
The PA6 composites with different BN loadings showed only one endothermic melting peak, and the only one peak (noted as T m,2 here) tended to move towards a lower temperature and wider. This was probably because that the addition of BN might lead to the mainly formation of α-form and few γ-form which the former was more thermodynamically stable, and our finding agreed with Fornes et al. 41 DSC cooling and heating curves for neat PA6 and its composites with various BN loadings prepared by SM were presented in Figure  4 (a) and Figure 4 (b), respectively. And Table 3 listed the detailed crystallization and melting parameters. Totally, the effect of BN filler on the crystallization and melting behavior of the composites by SM was consistent with those by MM. For both two processing methods, the temperature of the crystallization peak moved to a higher temperature when compared with neat PA6. The results showed that the h-BN loading had a heterophase nucleation effect on the composites, which seemed to be favorable to the formation of thermodynamically stable α-phase crystal.
42
The heating curves of PA6 composites in Figure 4 (b) showed one endothermic melting peak as compared with neat PA6. The crystallinity (X c ) decreased with increasing BN content as for the composites prepared by SM, but the X c values were superior to those of the MM counterparts at the same filler loading. It can be attributed to the reason that hexagonal bulky BN filled in composites was sonicated vigorously in formic acid for both dispersion and exfoliation thus could expand the surface-to-volume ratio, and reduce the aggregation of BN which provided more heterophase nucleation points and increasing the crystallinity of composites.
12,32,43
In brief, the nucleation mechanism, crystal growth, and final crystal form of PA6 matrix were changed due to the presence of BN filler in the composites.
33,39
To supplement the DSC observations of crystallization of 
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PA6 in presence of the h-BN, X-ray diffraction (XRD) investigations were carried out. Figure 5 illustrated the comparison of the XRD patterns of neat PA6, M40 and S40.
The following structural features can be seen: (i) for neat PA6, two main reflections can be observed at about 2θ=20 and γ001 crystal planes of PA6, respectively.). This supported the possible reason given above for the observed double peaks of the melting endotherm, which means the double peaks in the melting endotherm were due to recrystallization occurring during cooling.
(ii) Comparatively, there were only two main reflections can be observed at about 2θ=20 o and 23.7 o and some characteristic peaks of boron nitride for the PA6/BN composite. Combined with one peak of the melting endotherm of PA6/BN composite, the addition of BN probably suggested only thermodynamically stable form of α-phase crystals are induced during heating.
37
Thermogravimetric Analysis. Thermal stability is an essential property of electronic packaging materials and became the limiting factor in both processing and applications which including thermal degradation and thermal aging.
44,45
Thermogravimetric analysis (TGA) can be used as a way to measure the thermal stability and the thermal degradation of polymer due to the simplicity of the weight loss method.
46
There are two kinds of changes in the process of heating: phys- Table 4 . A sudden drop in the mass of the sample indicated the thermal degradation of the PA6 matrix, and the residual after degradation possibly was BN as the content was similar to the BN loading. The initial decomposition temperature T onset of neat PA6 and M40 had found to be 390.2 and 395.6 o C, respectively. The temperature of maximum decomposition rate (T max ) of neat PA6 and M40 were 463.2 and 465.3 o C, the more loading of BN, the higher the degradation temperature was. These results confirmed that the addition of BN increased the degradation temperature and improved the thermal stability of the composites. But the improvement of the composites' thermal stability were not rarely remarkably. This could be attributed to two reasons, 42, 47 on the one hand, the heat absorption capacity and thermal conductivity of BN was higher than that of PA6, which was able to absorb more heat and help heat transfer release. On the other hand, the presence of BN filler might hinder the movement of the molecular chain of PA6, which delayed the maximum decomposition rate of the composites. The TGA and DTG curves of neat PA6 and PA6/BN composites prepared by SM were given in Figure 7 (a) and Figure  7 (b), respectively. The detailed TGA parameters were summarized in Table 5 . The degradation of PA6/BN composites prepared by SM showed similar trend as MM. But the effect on improving composites' thermal stability were much more obviously than MM. It can be clearly seen that the T onset of S40 had reached 412.3 o C (i.e., 22.1 o C higher than that of neat PA6). Compared with neat PA6, the thermal stability of PA6/ BN composites prepared by two methods were both enhanced. As the data were observed right before, the composites prepared by SM had better thermal stability compared to the composites prepared by MM, which can be explained by the reason of BN had a better compatibility with PA6 and hindered the movement of PA6 macromolecular chains more seriously.
45
Rheological Properties. For polymer or nanocomposites, rheological measurements are considered to be practical and accurate tool for determining the percolation threshold and also probing microstructural features of the system. The rheological curves of PA6 composites prepared with two methods and measured at 270 o C, including complex viscosity (η*) vs. frequency, complex modulus (G*) vs. frequecy, and log G'' vs. log G' plots were presented in Figures 8 and 9 .
It was clearly appeared that the values of complex viscosity (η*) and complex modulus (G*) of the composites at low filler contents were similar to neat PA6. But the more packing content in PA6, the more apparent increase in G* and η*. The complex viscosity (η*) increased in the low ω region with an incremental filler content because BN hinders the melt flow of the composites. At the higher frequency region, there was a tendency for the curves to coincide with each other, which was a typical phenomenon of shear-thinning behavior.
48
Figures 8(c) and 9(c) presented the log G''-log G' plot, which can be used to analyze miscibility and dispersion of filled polymer composites. 49 The curves of composites with low filler contents showed second platform and disappeared at high filler contents, this relationship is a common phenomenon for the composites called pseudo solid-like behavior, which indicated a physical network formation by the inorganic fillers.
50,51
Figure 7. TGA curves of PA6/BN composites prepared by SM. In addition, the curves changed to a narrower region with increase in the BN content, which was attributed to the restriction of micromolecular chains and difficulty in forming homogeneous system at large filler content. And further illustrated there existed immiscible or phase-separated region in polymer composites but two mixing methods obviously different.
50
As shown in Figure 10 , for both series of samples, the modulus of the composites increased with the increasing BN content within the entire frequency range. Meanwhile, it was clearly seen that the η* values of the composites prepared by SM were lower than those by MM with same BN loading. The thermally conductive network was possibly formed with ca. 30 wt% BN loading. That is, the BN loading between 30-40 wt% would favor the heat conduction of the PA6 composites.
17

Conclusions
Thermal conductive composites of PA6 filled with different 
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BN content were obtained by melt blending (MM) and solution blending (SM) processes. The thermal conductivity, morphology, crystallization behavior, thermal stability, and rheological properties of the composites were investigated. It can be concluded that: the addition of BN filler could significantly improve the thermal conductivity of the composites, and the thermal conductivity of SM is superior to MM. Too much amount of BN would restrict or block the movement and arrangement of PA6 molecularchains, leading to more imperfect crystals and lower crystallinity. Furthermore, the crystalline in the composites were preferred to α-form crystal. But the crystallinity of the composites prepared by SM were higher than MM because of better heterophase nucleation effect. With the increase of BN weight fraction, the thermal stability of polymer composites for both methods were improved, but the effect on SM was much better. According to melt rheology, the presence of BN particles could increase the melt viscosity and modulus of the composites, since fillers affect the movement of macromolecular chains. Further more, the trend of the frequency dependence of melt viscosity and modulus changed significantly at a certain BN loading concentration. And the effect on the composites prepared by SM were marginally.
